The effect of the subcritical water treatment along with the combination of static and dynamic modes on the recovery of protein, carbohydrate and phenolic substances from defatted rice bran was investigated at various treatment temperatures of 120, 160, 200 and 250℃ and the flow rates of 0.5, 2.5 and 5 mL/ min. The highest amounts of protein and carbohydrate were recovered at 160℃ and that of the phenolic substances was recovered at 250℃. Around half of the protein and carbohydrate contents were degraded at 200 and 250℃. The various flow rates from 0.5 to 5 mL/min did not significantly affect the contents of the protein, carbohydrate and phenolic substances recovered from the bran. The extract also had a DPPH radical scavenging activity, which depended on the treatment temperature. While the extract obtained at 120℃ at the same flow rate and same amount of water fed to the bran had the lowest radical scavenging activity, the activities in the extracts at 160 − 250℃ were around 3 times higher than that at 120℃ and there was no significant difference among them.
Introduction
Defatted rice bran, which has a very low price, is typically used as animal feed or fertilizer for mushroom cultivation. Indeed, the defatted rice bran can increase its value by recovering valuable substances, such as ferulic acid, a substance exhibiting antioxidative and UV-absorbing properties, and tocopherol (Cuvelier et al., 1992; Castelluccio et al., 1995; Packer, 1991) . In addition to the ferulic acid, the bran also contains other phenolic substances including p-coumaric, p-hydroxybenzoic, vanillic, protocatechuic, syringic, caffeic and gentisic acids in significant amounts as well as high protein and carbohydrate contents (Pourali et al., 2010; Okai and Higashi-Okai, 2006) . These substances, some of which would be bound to bran matrix, can be liberated and recovered from the defatted rice bran by organic solvent, subcritical water, and supercritical carbon dioxide extractions (Wi-boonsirikul et al., 2008; Iqbal et al., 2005; Kim et al., 1999) .
Subcritical water is hot water at the temperature range from 100 to 374℃ under pressurized conditions in order to maintain its liquid state. Regarding its environmental concern and time requirement, the subcritical water treatment is more advantageous than other methods to recover beneficial biomaterials from agricultural products (Iqbal et al., 2005; Kim et al., 1999; Chittapalo and Noomhorm, 2009 ). The unique properties of the subcritical water include a lower dielectric constant or polarity and higher ion product at higher temperatures. The dielectric constant of hot water at 250℃ is close to those of some organic solvents such as methanol, acetone and ethanol and the concentrations of the hydrogen and hydroxyl ions at this temperature are higher by three orders of magnitude than that in ambient water. Thus, the subcritical water can recover or dissolve both polar and apolar substances from the agricultural products and can act as a catalyst to hydrolyze their biomaterials, such as protein, carbohydrate, cellulose, hemicelluloses, and lignin, depending water treatment by combining both modes on the recovered substances from the agricultural products or byproducts, in particular, the defatted rice bran.
In this study, the combination of both the static and dynamic modes was conducted to investigate the effects of the various treatment temperatures and water flow rates on the protein, carbohydrate and phenolic substances that were recovered from the defatted rice bran as well as on radical scavenging activity in the extracts.
Materials and Methods

Materials
The defatted rice bran was supplied by Tsuno Food Industrial (Wakayama, Japan). 1,1-Diphenyl-1picrylhydrazyl hydrate (DPPH) and bovine serum albumin (BSA, 99% purity) were purchased from Wako Pure Chemical Industries (Osaka, Japan). The Folin-Ciocalteu reagent was purchased from ICN Biochemicals (Aurora, OH, USA). Gallic acid was purchased from Sigma-Aldrich Japan (Tokyo, Japan). The other analytical grade chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan) or Nacalai Tesque (Kyoto, Japan).
Process apparatus The static-dynamic mode of subcritical water treatment was conducted using the apparatus assembled in our laboratory shown in Fig. 1 , which composed of the following parts: (1) water reservoir containing degassed deionized water; (2) high pressure pump (LC-10AT, Shimadzu Corporation, Kyoto, Japan) to feed the water to the system at the desired flow rate and pressure; (3) oven (OFW-450, AS ONE Corporation, Osaka, Japan) as heating source equipped inside with a 3-m long pre-heater (SUS 316-stainless steel tube) to control the desired temperature of the extraction vessel (22.5 mL; 6010-15003 HPLC column, GL Sciences Inc., Tokyo, Japan); (4) ice-water bath contained stainless steel tubing and cold water to cool the extract from the oven temperature to ambient; (5) back pressure regulator (Upchurch Scientific Inc., Oak Harbor, USA) to maintain the upon the treatment temperature (Wiboonsirikul et al., 2007; Sasaki et al., 1998) . There are three operational modes in the subcritical water treatment including static, dynamic and a combination of the static and dynamic modes.
The main parameters affecting the efficiency of the subcritical water treatment to recover the biomaterials from natural products include treatment temperature, treatment time, operational modes, water flow rate, and modifiers (Teo et al., 2010) . The treatment temperature and time are important factors for determining the amount and variety of the biomaterials and bioactive substances because high temperature will enhance the solubility of the less polar substances in the water from different matrices, but a long treatment time may degrade these substances (Wiboonsirikul et al., 2007; Herrero et al., 2006; Haghighat Khajavi et al., 2005) .
The efficiency of the treatment significantly depends on partition equilibrium between the material matrix and water, and the solubility of the biomaterials at elevated temperatures in the static mode. Consequently, excessively concentrated or low soluble substances may not be completely recovered due to the limited amount of water. However, the advantages of this mode involve a low volume of subcritical water and simple apparatus. In the dynamic mode, the treatment time and water flow rate are the major factors that increase the amount of biomaterials in the subcritical water. A higher flow rate will usually improve the efficiency of the concentrated substances because of the increased water volume and enhanced physical mass transfer of the substances from the agricultural matrix (Teo et al., 2010; Morales-Muñoz et al., 2002) . There are, notwithstanding, some disadvantages of this mode such as requiring a complicated apparatus, high water volume, and dilution of the substances in the extract, which demands some concentration steps prior to any further analysis. The combination of both modes may improve the efficiency and minimize the disadvantages of each mode. However, there are only a few literatures on the effects of the subcritical n. ViRiYa-eMpikul et al. Fig. 1 . Schematic diagram of a system for subcritical water treatment. perature, the remaining radical level was estimated by the spectrophotometer at 516 nm versus a blank of 50% aqueous ethanol. The free-radical scavenging activity of the diluted extract and VC solution is defined as the amount of the extract necessary to reduce the initial DPPH concentration by 50% and was calculated as follows:
DPPH radical scavenging activity = (A -B + C) ⁄A × 100 (1) where A is the initial absorbance of the blank, B is the absorbance of the mixture after 30 min, and C is the absorbance of the diluted extract without the DPPH solution.
The UV-Vis spectra of the bran extract was measured using a UV-1600 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) in the range of 220 − 500 nm to determine the absorption maxima of each extract. All extracts were diluted with the same amount of deionized water until the diluted extract had an absorbance less than unity.
Results and Discussion
Effects of treatment temperature and flow rate on protein content Figure 2 (a) shows the changes in the protein content in the extract obtained from the subcritical water treatment of the defatted rice bran at various temperatures ranging from 120 to 250℃ and at the constant flow rate of 2.5 mL/min. The closed symbols in the figure represent desired pressure, and (6) effluent reservoir.
Preparation of extract by subcritical water treatment The treatment process that combined the static and dynamic modes started with the static mode by heating the extraction vessel, which contained 2 g of rice bran and a constant volume of degassed deionized water to fill the extraction vessel, to the desired temperature of 120, 160, 200 or 250℃. The dynamic mode was then continued by pumping the degassed deionized water through the vessel at the various flow rates of 0.5, 2 and 5 mL/min. The extract was continuously pumped through the stainless tubing to the ice-water bath and collected in the glass containers of various known volumes. After the effluent of the bran extract was collected for 150 mL, the bran residue was removed from the vessel and the fresh defatted rice bran was replaced to start the next treatment. The samples were stored in a refrigerator until used for the chemical analysis.
Analysis of defatted bran extracts The protein content of the bran extract was evaluated according to the Lowry-Folin assay (Lowry et al., 1951) . A serial dilution of BSA solution of 0.2 − 0.9 mg/mL was used as the standard. The absorbance of each solution at 750 nm was evaluated by a spectrophotometer (UV-1200, Shimadzu Corporation, Kyoto, Japan) versus water as a blank.
The total carbohydrate content in the bran extract was determined by the phenol-sulfuric acid method (Dubois et al., 1956) . Each solution contained 1 mL of diluted bran extract, 25 μL of an 80% (w/w) aqueous phenol solution and 2.5 mL of H 2 SO 4 . After a thorough mixing, the solution was stored at ambient temperature for 10 min and then cooled in a water bath at 30℃ for 30 min. The total carbohydrate content was evaluated by a UV-1200 spectrophotometer at 490 nm versus water as the blank, and glucose was used as the standard.
The total phenolic content of the bran extract was determined using Folin-Ciocalteu reagent (Iqbal et al., 2005; Singleton and Rossi, 1965) . The reaction mixture contained 100 μL of the diluted bran extract or a serial dilution of gallic acid as the standard solution, 400 μL of the freshly prepared Folin-Ciocalteu reagent, and 1 mL of 75 g/L sodium carbonate. The final volume was increased to 5 mL with distilled water. The mixture was stored in the dark at ambient temperature for 2 h. The total phenolic content of the extract was evaluated by measuring the absorbance at 765 nm and calculated as the gallic acid equivalent (mg-gallic acid).
The free-radical scavenging activity of the extract was evaluated according to a method of Fujinami et al. (2001) . A 0.5 mmol/L DPPH radical in ethanol (1 mL) was added to each diluted bran extract (4 mL) or l-ascorbic acid (abbreviated VC) as the standard solution. After being vigorously shaken and stored in the dark for 30 min at ambient tem-Subcritical Water Extraction from Rice Bran free or smaller molecules in the extract (Wiboonsirikul et al., 2007; 2008; Hamada, 1997) . However, after the proteins in the bran had diffused into the subcritical water, some of them might not be tolerant to the very high temperature at 200 and 250℃ and degraded into smaller substances, which could not respond to the Lowry method. It should be noted that the subcritical water treatment using the combined static and dynamic modes lowered the temperature at which the highest protein content in the extract was obtained at 200℃ for the treatment by the static mode as shown in our previous study (Wiboonsirikul et al., 2007) to 160℃ for that with the combined mode.
Effects of treatment temperature and flow rate on total carbohydrate content The effect of the treatment temperature from 120 to 160℃ at the water flow rate of 2.5 mL/min on the carbohydrate concentration (closed symbols) and its cumulative amount (open symbols) in the extract is shown in Fig. 3(a) . The cumulative amount of carbohydrate increased with the increasing the temperature from 120 to 160℃, but almost all of the carbohydrate degraded when exposed to temperatures at 200 and 250℃ (Haghighat Khajavi et al., 2005) . It should be implied that in comparison to the protein, carbohydrate of the bran was more sensitive to the high temperature of the subcritical water treatment as shown by the extreme degradation at these temperatures. Due to the highest contentration of the carbohydrate at 160℃, the temperature was chosen to study the effect of water flow rates. changes in the protein concentration in the extract collected at various volumes, while the open ones represent the cumulative amount of protein. It might be more proper for the closed symbols to be plotted against the water volume corresponding to the mean collection time of the fraction than the volume of water fed by the end of the fraction. However, the symbols were plotted against the water volume fed by the end of the fraction similar to the open symbols because of easiness in comparison between them. The same treatment will be done for other figures. The protein reached the highest concentration in the extract collected from the first fraction and decreased with more water fed to the bran in the extraction vessel at all treatment temperatures. The cumulative amount of protein at all treatment temperatures increased with the increasing amount of water fed to the vessel, which was proportional to the treatment time. The extract obtained from the subcritical water treatment at 160℃ contained the highest protein content and that at 120℃ contained the lowest one. It should be noted that treatment at higher than 160℃ caused a decrease in the cumulative amount of protein, although at 250℃, it was slightly higher than that at 200℃. Around half of the protein content in the extract was degraded at 200 and 250℃ due to high concentration of the ion product (H + and OH -) in the subcritical water at the temperatures.
Since the bran treated at 160℃ provided the highest cumulative protein content in the extract, this temperature was selected to investigate the effect of various water flow rates at 0.5, 2.5 and 5 mL/min on changes in the protein content as shown in Fig. 2(b) . The protein content slightly decreased with the increasing water flow rates, which agreed with other studies (Budrat and Shotipruk, 2009; Eikani et al., 2007) . The significant effect of the flow rates was observed for small amounts of water fed to the bran, but it became lower when much amount of water passed through the bran in the vessel. This is possibly due to the depletion of the protein in the bran. After 150 mL of water passed through the extraction vessel, the protein content in the extracts obtained at all flow rates reached approximately equivalent values. These results would imply that the recovery of the protein content would mainly be affected by intraparticle diffusion and external mass transfer from the surface of the bran into the water, but was not dependent on the solubility of the protein in the subcritical water. Thus, the lower flow rate was more suitable to attain higher protein content and more concentrated extracts.
The highest protein content in the extract obtained at the treatment temperature of 160℃ was attributed to hydrolysis of the intact protein in the bran, which was extensively associated with other compositions in the cell wall, and became n. ViRiYa-eMpikul et al. Fig. 3 . Effects of (a) treatment temperature (120, 160, 200 or 250℃) at the flow rate of 2.5 mL/min and (b) of flow rates (0.5, 2.5, or 5 mL/min) at treatment temperature of 160℃ on carbohydrate concentration (closed symbols) and cumulative amount of carbohydrate (open symbols) in the extract. The symbols are the same as in Fig. 2. symbols. The reason for this might be due to the static extraction mode of the subcritical water treatment before starting the water flow, which took a few minute before reaching the desired temperature. Therefore, the protein, carbohydrate and phenolic substances in the bran could diffuse and partition from the bran matrix into the subcritical water and consequently provided the highest concentrations.
The increase in the phenolic content in the extract with the increasing treatment temperature could be explained by the fact that the increasing temperature decreased the polarity or dielectric constant of water and that the decrease contributed to the increase in the solubility of most phenolic acids in the hot water, which were typically water insoluble. Most phenolic substances in the bran are protocatechuic, vanillic, ferulic, caffeic, gallic, gentisic, p-coumaric, p-hydroxybenzoic, sinapic and syringic acids, and vanillin. They exist as insoluble bound substances with lignin, hemicelluloses and cellulose in the cell wall of the rice bran (Tian et al., 2005; Zhou et al., 2004) . In addition, subcritical water at high temperatures such as 200 and 250℃ contained high concentrations of H + and OHions, which could hydrolyze the bran and release the phenolic substances from the bran matrix into the hot water. Because most phenolic acids were also tolerant to temperatures higher than 230℃ such as protocatechuic, vanillic, p-coumaric, and vanillin, and longer treatment times than 15 min at 220℃, they would not be degraded in the subcritical water (Pourali et al., 2010; Rangsriwong et al., 2009) . Figure 3(b) shows the effect of the various flow rates of 0.5, 2.5 and 5 mL/min on the carbohydrate concentration and cumulative amount of the carbohydrate in the extract obtained from the subcritical water treatment at 160℃. There was no significant difference in the carbohydrate concentration among each flow rate. The carbohydrate concentration in the extract obtained from the treatment at the flow rate of 2.5 mL/min was slightly higher than that of the other ones after water passed through the bran at more than 60 mL/g-bran.
An increase in the cumulative amount of carbohydrate obtained from the treatment at 120 to 160℃ would be due to hydrolysis of the bran, and consequently, more carbohydrates including poly-and oligosaccharides could diffuse from the bran into the hot water. However, the soluble carbohydrates were subjected to the high temperatures at 200 and 250℃ of subcritical water, which had almost a 10-fold higher concentration of ion product than at 120 and 160℃. Therefore, almost all of them were degraded into smaller molecules, which did not respond to the phenol-sulfuric method (Haghighat Khajavi et al., 2005; Sasaki et al., 1998; Lowry, 1951) .
In this study, which investigated the combination of the static and dynamic modes of the subcritical water treatment, the bran was exposed to both the dynamic mode during flowing water at each treatment temperature and of the static mode before starting the water flow. This might be the reason why the carbohydrate concentration at the beginning of the water fed to the bran at 120 and 160℃ was high and the concentration at 200 and 250℃ was very low. Like the effect of temperature on the protein content, the combined mode could lower the temperature at which the highest carbohydrate content could be obtained at 200℃ from the treatment of the static mode (Wiboonsirikul et al., 2007) , but obtained at 160℃ when using both modes.
Effects of treatment temperature and flow rate on total phenolic content Figure 4(a) shows the increase in the cumulative amount of phenolic substances with the increasing treatment temperature from 120 to 250℃ at the constant flow rate of 2.5 mL/min. The temperature to obtain the highest amount of phenolic substances was 250℃, which was different from the one at 160℃ to obtain the highest amounts of protein and carbohydrate. In addition, the subcritical water treatment at 200 and 250℃ did not cause degradation of the phenolic substances unlike the degradation of protein and carbohydrate at these temperatures, but it increased the extraction efficiency by 2 − 3 times for the phenolic substances versus that at 120 and 160℃. It should be noted that the first collected fractions of the extract contained protein, carbohydrate and phenolic substances at the highest amount as shown in Figs. 2(a), 3(a) and 4(a) , respectively, by the closed Subcritical Water Extraction from Rice Bran Fig. 4 . Effects of (a) treatment temperature (120, 160, 200 or 250℃) at the flow rate of 2.5 mL/min and (b) of flow rate (0.5, 2.5, or 5 mL/min) at treatment temperature of 160℃ on phenolic concentration (closed symbols) and cumulative amount of phenolic compounds (open symbols) in the extract. The symbols are the same as in Fig. 2. DPPH radical scavenging activity in the extract, which was the same conclusion in the other studies (Pourali et al., 2010; Wiboonsirikul et al., 2007) . In addition the other substances, which were contributed to the activity, were browning reaction products including protein-carbohydrate conjugates, melanoidins and heterocyclic compounds (Okai and Higashi-Okai, 2006; Xu et al., 2001; Friedman, 1996; Okamoto et al., 1992) . Although the temperatures were raised from 160 to 250℃ at a 6.25 mL/g-bran of amount of fed water, the activity hardly increased, which was similar to the slight change in the cumulative amount of phenolic substances at the same amount of water used in Fig. 4(a) .
In addition, the subcritical water treatment at various temperatures and at 150 mL/g-bran of added water caused an apparent decrease in the radical scavenging activity close to 0 mmol-VC/L. This result was in agreement with the substantial decrease in the concentrations of the protein, carbohydrate and phenolic substances in Figs. 2(a), 3(a) and 4(a), respectively.
These results implied that at the low temperature of 120℃, most of the radical scavenging substances are still bound to the cell wall in the bran residue and could not be solubilized into the subcritical water. However, at the high temperatures of 200 to 250℃, most of them, in particular the phenolic substances, were released from the cell wall into the subcritical water and consequently showed a high radical scavenging activity in the extract. The extract collected from the high amount of water fed to the bran had depleted amounts of phenolic and other radical scavenging substances due to long treatment time and exhibited a very low scavenging activity.
The effect of flow rate on the DPPH radical scavenging activity in the extract at 160℃ was investigated at 0.5, 2.5 and 5 mL/g-bran at the first collection times of 10, 5 and 5 min, which corresponded to 2.5, 6.25 and 12.5 mL/g-bran of added water, respectively, and at the last collection times of 600, 120 and 60 min, all of which corresponded to 75 − 150, 100 − 150, and 125 − 150 mL/g-bran of added water, respectively, as shown in Fig. 6 . The activity decreased with the increasing water flow rate and the amount of water fed to the bran at the first collection time. The significant reduction in the activity to almost close to 0 mmol-VC/L at the last collection times for all flow rates would be due to the inability of the subcritical water at 160℃ to further hydrolyze the bran residue and release more radical scavenging substances that remained in the bran. The radical scavenging substances, such as the phenolic acids, still remained in the bran residue as shown in Fig. 4(a) and the cumulative amount of phenolic substances at 200 and 250℃ was about 2 times higher than that at 160℃.
Although the temperatures to obtain the highest amounts of protein and carbohydrate were lower in the combined mode than in the static one, the temperature to obtain the highest amount of phenolic substances was the same as that for the treatment with the static modes at 250℃ (Wiboonsirikul et al., 2007) .
Because some free phenolic acids may degrade at a temperature higher than 175℃ (Pourali et al., 2010) , the effect of the water flow rates on the phenolic substances was studied at 160℃ as shown in Fig. 4(b) . The cumulative amount of phenolic substances obtained at the water flow rates of 0.5 and 2.5 mL/min was not significantly different from each other, but was slightly higher than that at 5 mL/min. The reason for this may be that the bran at low flow rates was exposed to the subcritical water for a longer time than that at the high water flow rate when the same amount of water was fed to the bran. It should be noted that the contents of all major components in the bran including the protein, carbohydrate and phenolic substances were better recovered at the low flow rate than at the high flow rate.
Effects of treatment temperature and flow rate on the DPPH radical scavenging activity The effect of the treatment temperature on the DPPH radical scavenging activity in the extract was investigated at the constant flow rate of 2.5 mL/min as shown in Fig. 5 . The activity in the extract collected in 5 min (6.25 mL/g-bran of amount of water fed) after starting the water flowing noticeably increased with the higher treatment temperature from 120 to 160℃ and slightly changed at temperatures higher than 160℃. The significant increase in the activity at 160℃ was coincident with the obvious increase in the cumulative phenolic content at the same temperature in Fig. 4(a) . Thus, phenolic acids in the extracts would be one of the major substances that resulted in the n. ViRiYa-eMpikul et al. Fig. 5 . Effect of treatment temperature on DPPH radical scavenging activity in the extracts collected at (◇) 6.25 mL/g-bran and (○) 150 mL/g-bran with the constant flow rate of 2.5 mL/min. amount of water fed to the bran. A remarkable decrease was observed in the amount of water fed to the bran at about 20 mL/g-bran. The absorbance then slightly decreased to almost close to 0 for the amount of water fed to the bran higher than 30 mL/g-bran. The decrease in the absorbance was similar to the decrease in the phenolic content in Fig. 4(b) at the same flow rate when the amount of water fed to the bran was increased. Although there were almost no phenolic substances in the extract, a high amount still existed in the bran residue because the treatment temperature at 160℃ was not the optimum temperature to recover all of the substances.
Conclusions
Subcritical water treatment using a combination of static and dynamic modes could recover protein, carbohydrate and phenolic substances from the defatted rice bran. The extract also had a DPPH radical scavenging activity. The efficiency of the subcritical water treatment to recover the compositions from the bran depended on the temperature and water flow rate. The protein and carbohydrate were less tolerant to high temperature than the phenolic substances and degraded at 200 and 250℃, but the phenolic ones did not. All the water flow rates of 0.5, 2.5 and 5 mL/min had little effect on the efficiency of the subcritical water to recover the compositions of the bran. The extract obtained at the different temperatures had different radical scavenging activities. The activity in the extract collected when using the low amount of water fed to the bran treated at higher temperature was higher than that at the lower temperature. The water flow rates also had little effect on the activity in the extract.
UV absorbance of the extract Because the extract prepared at 200℃ or higher temperature showed degradation of some compositions, such as protein and carbohydrate, the extracts prepared at 160℃ at the lowest flow rate of 0.5 mL/ min were used to investigate changes in the absorption spectra of each extract at various amounts of water fed to the bran starting from 2.5 to 150 mL/g-bran. The results showed that all extracts had the same absorption maxima at 260 nm (data not shown). The absorption maxima at 260 nm indicated the presence of various phenolic substances in the extract (Ronald et al., 2005) .
To investigate the quantitative change in phenolic substances in the extracts after feeding water for a certain amount, the absorbance at 260 nm was evaluated as shown in Fig. 7 . The absorbance decreased with the increasing Subcritical Water Extraction from Rice Bran Fig. 6 . Effect of water flow rate on DPPH radical scavenging activity in the extracts at (□) the first collection time for 10, 5 and 5 min and (△) the last collection time for 600, 120 and 60 min at the flow rates of 0.5, 2.5 and 5 mL/min, respectively. The extraction was carried out at 160℃. Fig. 7 . UV absorbance at 260 nm of the extracts prepared at 160℃ and at the flow rate of 0.5 mL/min.
